heart defects. Because of its invasive nature and its important role in decision making, every effort should be made to minimize the variability of the laboratory findings. Since the presence of intracardiac shunts reduces the accuracy of measuring pulmonary blood flow by the indicator dilution technique, blood flow is commonly determined by the Fick method. This method requires simultaneous measurement of arterio-venous oxygen content differences and oxygen consumption during a steady state. Ideally then, oxygen consumption should be measured continuously during the catheterization procedure to determine if a steady state is present at the time of blood sampling and to provide a direct measurement for the Fick determination of cardiac output.
Many cardiac catheterization laboratories do not measure oxygen consumption in infants and small children but assume a value based on predictive tables published in the literature.1 2 Unfortunately, some discrepancies appear in the tables of different studies and none have a large number of determinations in children under 2 years of age. The purpose of the present study was threefold: 1) to describe and critically evaluate a relatively simple flow-through technique for continuous measurement of oxygen consumption; 2) to determine those factors which significantly affect oxygen consumption during the cardiac catheterization procedure; and 3) to present new predictive equations for estimating oxygen consumption and the potential error incurred in their use.
Methods

Measurement of Oxygen Consumption
Oxygen consumption was measured by modification of a flow-through technique.3 In infants and small children the patient's head, shoulders and arms were enclosed within a transparent, hemispherical hood; in older children only the head was inserted ( fig. 1 ). The opening around the neck or shoulders was sealed with a clear polyethylene wrap and the edges of the hood were sealed to the catheterization table with paper tape. Room air was sucked into the hood at a flow rate of approximately 10 times the patient's expected minute volume to prevent carbon dioxide accumulation. Gas Circulation, Volume 50, October 1974 OXYGEN CONSUMPTION IN CHRILDREN Figure 1 Diagram of apparatus used in measuring oxygen consumption by flow Eight patients were excluded who had activity level of 5, and 6 others were excluded whose oxygen consumption varied by more than 10% of the mean during the two minute period preceding the Fick determination. This resulted in an initial study group of 341 children. Patients were classified as cyanotic if their systemic arterial oxygen saturations were less than 88%. Left to right shunts were categorized according to the ratio of pulmonary flow to systemic flow: category 1, Qp:Qs less than 1.2:1; category 2, Qp:Qs 1.2-2.0:1; category 3, Qp:Qs 2.1-3.0:1; and category 4, Qp:Qs greater than 3.0:1. The patients were also classified according to the presence or absence of pulmonary arterial hypertension, hypertension being defined as peak pulmonary arterial pressure greater than 50 mm Hg.
Statistical Methods
A nonparametric method (Mann-Whitney test)6 was used to compare the effects of the type of premedication on oxygen consumption adjusted for the linear effects of age and weight. This preliminary evaluation showed that the type of sedation or anesthesia used did significantly influence oxygen consumption, suggesting that each regimen required a distinct equation for predicting oxygen consumption. We used a stepwise regression technique to determine the significant predictor variables of oxygen consumption such as: sex, body surface area, weight, heart rate, presence of cyanosis, age, activity level, presence of pulmonary hypertension, rectal temperature, and magnitude of leftright shunting for each sedation regimen. Basically, the stepwise regression approach attempts to find the number of variables which significantly add to the predictive capability of the regression. Only variables having a P value less than 0.05 were included in the models to minimize the number of variables in each predictive equation.
After the regression equations for predicting oxygen consumption were formulated, the estimated oxygen consumption values of the next 85 patients were compared with the actually measured values to determine the average error incurred in the estimation. From this group, 54 patients were selected who received meperidine, promethazine and chlorpromazine sedation. Linear regression analyses of measured versus predicted oxygen consumption values were performed. Predicted values were calculated from the group II equation of the present study as well as frequently referred to tables in the literature with similar sedation regimens. 1 2, 7 Results
The result of the in vitro assessment of this flowthrough technique is shown in figure 3 . The calculated oxygen consumption data used were derived by determining the amount of oxygen displaced by infused nitrogen, whereas the measured oxygen consumption values were those determined using Servomex output. This evaluation incorporates the errors inherent in Servomex analysis of the gas mixture, the error in measuring hood flow by the rotameter, and the error in measuring the flow rate of the infused nitrogen. Figure 3 shows the data points and regression line comparing calculated to measured oxygen consumption and indicates that within these ranges the flowthrough technique provides an accurate estimate of oxygen consumption. Since Figure 4 shows the results of the correlation between the predicted oxygen consumption and measured oxygen consumption in these 85 patients. The the concentration of oxygen leaving, then the exchange of oxygen ('Jo2) in the circuit can be calculated.
The requirements for applying the Fick principle are: 1) constancy of flow, 2) ability to measure representative samples of inflow and outflow oxygen concentrations, 3) no loss of gas from the circuit. With the present method, constancy of flow is assured by continuous monitoring with a rotameter. Since the differences between inflow and outflow oxygen concentrations are very small (on the order of 0.50%), the oxygen analyzer must be extremely sensitive and stable. For example, to be able to measure the oxygen concentration differential to within an accuracy of i 10%, the analyzer must be capable of measuring oxygen differences as small as 0.05 percent. Kappagoda and Linden4 have demonstrated that the Servomex paramagnetic oxygen analyzer has suitable stability and sensitivity. To decrease potential loss of expiratory gases this flow-through technique produces a small negative pressure within the hood. However it is still essential to meticulously seal the edges of the hood to the patient and to the table to insure that loss of expiratory gases does not occur. Previous authors4 have measured the pressure within the hood using a differential air pressure gauge to check that negative pressure is maintained. It is also important to adjust hood flow such that the oxygen concentration differential between inflow and outflow gases is less than 1.0% to prevent carbon dioxide accumulation. Many pediatric cardiology laboratories do not measure oxygen consumption in infants and small children but assume a value from predictive tables. undergoing cardiac catheterization. They found that oxygen consumption fell in all patients during the cardiac catheterization procedure, reaching a minimum one-half to two hours after receiving the sedation and returning to control levels near the end of the procedure. They recommended oxygen consumption be measured at the time of blood sampling because of the temporal changes. In the present study the effect of different sedation regimens on oxygen consumption was determined after oxygen consumption had stabilized thereby insuring that a steady state had been achieved. The data were analyzed by a nonparametric technique taking into account the different patient characteristics of the five sedation groups. The fact that each group had a distinctive set of variables which significantly influenced oxygen consumption indicates that for a most accurate prediction the patient should be classified according to the sedation regimen used. Since combinations of drugs were used in most cases it is difficult to ascribe the action of a specific drug as being responsible for the differences between the sedation regimens.
To our knowledge this is the first study which reports oxygen consumption data in a large number of infants (170) continuously recorded during the cardiac catheterization procedure. The study probably most frequently referred to for estimating oxygen consumption in infants is that of Cayler et al.' which reports measurements in only 18 patients under the age of 2 years. We felt that by using a larger data base of patients, regression equations could be formulated which would provide a more accurate prediction of oxygen consumption especially in this younger age group. The patients were separated according to the type of sedation or anesthetic used in order to offset this one particular variable. The patients in Cayler's study' received a sedation mixture similar to our group II (they gave approximately 80 percent more meperidine). Figure 5 shows the results of regression analysis of measured versus predicted oxygen consumption values in 54 patients sedated with this mixture. The predicted oxygen consumption values using Cayler's tables resulted in a large overestimation of oxygen consumption. A major difference between that study and ours is that they collected expired air using a face mask or a mouthpiece, whereas the present study collected expired gases without disturbing the patient. These data suggest that the application of facial apparatus may significantly increase oxygen consumption and raises the question whether oxygen consumption in undisturbed patients can be predicted accurately from data obtained in infants having masks or mouthpieces. Figure 5 also demonstrates that using the predictive equation published by Krovetz and Goldbloom7 resulted in a large underestimation of oxy-gen consumption. This difference may be due to the fact that patients in the present study had significant heart disease whereas their patients had no hemodynamically significant heart disease. This again points out the pitfall of assuming an individual patient has similar characteristics to those of the population upon which the predictive tables were based.
Despite our attempts to minimize the many factors which influence oxygen consumption our predictive equations had rather broad 95% tolerance levels ( In conclusion although the present study provides more accurate predictive equations for estimating oxygen consumption, the data indicate that relatively large errors may result when oxygen consumption is estimated. A simple method for measuring oxygen consumption is presented which has been critically evaluated by several investigators. The apparatus is relatively inexpensive and particularily suitable for use in the pediatric laboratory. It is therefore recommended that oxygen consumption not be estimated from tables or regression equations but be measured continuously throughout the catheterization procedure.
